OBJECTIVES The aim of this study was to investigate the clinical significance of native T1 values in remote myocardium in survivors of acute ST-segment elevation myocardial infarction (STEMI).
T he pathophysiology of left ventricular (LV) dysfunction and remodeling after acute ST-segment elevation myocardial infarction (STEMI) is incompletely understood (1) (2) (3) (4) . Acute MI triggers a systemic acute-phase response, and neutrophils and monocytes/macrophages track to infarct (5-7) and remote (8, 9 ) myocardial tissues from reticuloendothelial stores (5-7).
Proof-of-concept studies in humans support the experimental observations (8, 10) . Local cytokine production from cardiomyocytes and macrophages represents an acute stress response to injury within the first week post-MI (9, 11) , leading to maladaptive matrix modifications that are associated with impaired contractility in the myocardial remote zone (7) . Systemic inflammation is prognostically important post-MI (12) , and evidence-based therapies for MI may reduce inflammatory activation (13) .
Human tissue has fundamental magnetic properties, including the longitudinal (spin-lattice) proton relaxation time (native T1 in ms). Native T1 is influenced by water content, binding with macromolecules, and cell composition (14, 15) . Tissue water content increases as a result of ischemia, resulting in longer T1 times being a biomarker of more severe myocardial injury in localized myocardial regions (15) (16) (17) . Cardiac magnetic resonance (CMR) now enables spatially resolved measurement of native T1 (T1 mapping) in the heart without using a gadolinium contrast agent that is normally required to delineate infarct tissue. However, the potential of native T1 to be used as a novel biomarker of heart injury in STEMI patients is not completely understood (7, (18) (19) (20) (21) (22) (23) (24) (Figure 1 ).
We hypothesized that regional myocardial tissue characteristics reflected by native T1 would be associated with the initial extent of ischemic injury and systemic inflammation. Our second hypothesis was that remote myocardial characteristics (native T1) would be independently associated with LV remodeling and pre-defined cardiovascular outcomes and mortality in the longer term.
METHODS STUDY POPULATION AND STEMI MANAGEMENT.
We performed a prospective CMR cohort study in a single November 22, 2012 . A total of 343 STEMI patients provided written informed consent. The eligibility criteria included an indication for primary percutaneous coronary intervention (PCI) or thrombolysis for STEMI (25) . Exclusion criteria represented standard contraindications to contrast CMR. Acute STEMI management followed contemporary guidelines (25, 26) . The study had ethics approval (reference 10-S0703-28) and was publically registered. Fifty healthy volunteers also underwent CMR (Online Appendix).
CMR ACQUISITION. CMR was performed on a MAGNETOM Avanto (Siemens Healthcare, Erlangen, Germany) 1.5-T scanner with a 12-element phasedarray cardiac surface coil 2 days and 6 months post-MI (27, 28) . The imaging protocol (Online Appendix) included cine CMR with steady-state free precession, native T1 relaxometry (mapping) using an optimized modified look-locker inversion-recovery investigational prototype sequence (work-in-progress 448, Siemens Healthcare) (21, 22, 29) , T2 mapping (30, 31) , and delayed-enhancement phase-sensitive inversion-recovery pulse sequences (32) . Patients and healthy volunteers underwent the same imaging protocol, with the exception that healthy volunteers <45 years of age did not receive gadolinium (Online Appendix).
CMR ANALYSES. The CMR analyses are described in the Online Appendix.
T1-standardized measurements in myocardial regions of interest. LV contours were delineated with computerassisted planimetry on the raw T1 image and copied onto the color-encoded spatially coregistered maps.
Apical segments were not included because of partial volume effects. Particular care was taken to delineate regions of interest with adequate margins of separation from tissue interfaces prone to partial volume averaging, such as between myocardium and blood (27, 28, 33) . The presence of off-resonance artifacts and cardiorespiratory motion was assessed by examination of the raw T1-weighted images. A total of 300 segments (8.6%) were excluded from analysis due to the presence of off-resonance or motion artifacts. (assessed by inspecting corresponding   contrast-enhanced T1-weighted, T2-weighted, or cine images, respectively). The infarct zone region of interest was defined as myocardium with pixel values (T1 or T2) >2 SD from remote myocardium on T2-weighted CMR (29) (30) (31) . The infarct core was defined as an area in the center of the infarct territory having a mean T1 value of at least 2 SD below the T1 value of the periphery of the area at risk.
Infarct definition and size. The myocardial mass of late gadolinium (g) was quantified using computerassisted planimetry, and the territory of infarction was delineated using a signal intensity threshold of >5 SD above a remote reference region and expressed as a percentage of total LV mass (33) .
Area at risk. Area at risk was defined as LV myocar- LABORATORY ANALYSES. The acquisition of the electrocardiograms (ECGs) and blood samples for biochemical and hematologic analyses are described in the Online Appendix.
PRE-SPECIFIED HEALTH
OUTCOMES. We prespecified adverse health outcomes that are pathophysiologically linked with STEMI. The primary The natural log has been used in any logarithmic transforms of variables.
RESULTS
Of 343 STEMI patients referred for emergency PCI, 300 underwent serial CMR 2.2 AE 1.9 days and 6 months after hospital admission ( Figure 2) . A total of 292 STEMI patients had a CMR assessment of native T1 and 288 (99%) had evaluable T1 data (Figures 1 and 2) . Each of these patients (n ¼ 288)
had vital status assessed at least 18 months after enrollment, and CMR follow-up at 6 months was achieved in 267 (91%) patients. The flow diagram for the study, including the reasons for nonattendance, is shown in Figure 2 .
PATIENT CHARACTERISTICS. The characteristics of the patients with evaluable native T1 CMR data (n ¼ 288) are shown in Table 1 and Online Table 2 , respectively. Values are mean AE SD, n (%), median (IQR), or range. The patients are grouped according to tertiles of remote zone native T1 (ms) at baseline. p values were obtained from 1-way analysis of variance, Kruskal-Wallis test, or Fisher test. *The p value is for the association between clinical characteristic and tertiles of remote zone native T1 at baseline. †Diabetes mellitus was defined as a history of diet-controlled or treated diabetes. ‡Successfully electrically cardioverted ventricular fibrillation at presentation or during emergency PCI procedure. §Killip classification of heart failure after acute myocardial infarction: class I ¼ no heart failure; class II ¼ pulmonary rales or crepitations, a third heart sound, and elevated jugular venous pressure; class III ¼ acute pulmonary edema; and class IV ¼ cardiogenic shock. kMultivessel coronary artery disease was defined according to the number of stenoses of at least 50% of the reference vessel diameter by visual assessment and whether or not there was left main stem involvement. ¶The blood results on admission and their changes during the first 2 days after admission are described in Online Remote zone native T1 was not associated with the number of coronary arteries affected by a stenosis of $50% severity or the culprit artery type.
The CMR findings are summarized in Table 2 , and case examples are shown in Figure 1 . At baseline, the mean myocardial infarct size was 18 AE 13% of LV mass, and 51% of patients had late microvascular obstruction. Native T1 in the remote myocardium was lower than native T1 in the infarct zone (961 AE 25 ms vs. 1,097 AE 52 ms; p < 0.01), reflecting infarct zone edema. maps (basal-, mid-, and distal-ventricular levels) were measured in each patient (n ¼ 876 T1-maps overall), and 93% of these maps were suitable for analysis. Overall, 20 patients (6.8%) had poor-quality T1 maps and 4 patients (1.3%) had no evaluable T1 maps ( Figure 1 ). Forty-two T1 maps were unsuitable for analysis because of steady-state free precession off-resonance artifacts, and 19 of these T1 maps were also affected by motion artifacts. Remote zone native T1 values were higher than T1 values in infarct tissue (p < 0.001) and in infarct core (p < 0.001).
CMR findings at 6 months. The CMR findings at 6 months are described in to #969, and >969 ms), the upper tertile of remote zone native T1 had values that overlapped with T1 values observed in the infarct zone ( Table 2 ).
The results of intraobserver and interobserver agreement of T1 measurements are shown in Online Figure 1 .
LV OUTCOMES AT 6 MONTHS POST-MI. At 6 months, LV end-diastolic volume increased on average by 5 AE 25 ml ( Table 2) . Adverse remodeling, defined as an increase in LV end-diastolic volume by $20%, occurred in 30 patients (12%).
BASELINE ASSOCIATES OF MYOCARDIAL REMOTE
ZONE NATIVE T1. The univariable and multivariable baseline associates of remote zone native T1 are described in Online Table 3 and Table 3 , respectively.
In stepwise linear regression using AIC, incomplete (Table 4) , including in patients without microvascular obstruction (n ¼ 121) (Online Table 4 ).
Remote T1 was also multivariably associated with change in LV end-diastolic volume from baseline The coefficient (95% CI) indicates the magnitude and direction of the difference in remote zone T1 (ms) for the patient characteristic (binary or continuous). For example, on average, remote zone native T1 (ms) 2 days post-MI was À9.93 (95% CI: À16.23 to À3.62) lower for male versus female, and native T1 (ms) was 0.14 (95% CI: 0.01 to 0.26) higher for each 1-ml increase in LV end-systolic volume. Previous MI affecting a territory of remote myocardium could alter native T1, which could be a confounding factor in the multivariable analysis of associates of remote zone native T1. In a sensitivity analysis involving backward stepwise variable selection, removing previous MI had no effect on the results of the multivariable models.
CI ¼ confidence interval; CRP ¼ C-reactive protein; other abbreviations as in Tables 1 and 2 . The coefficient and 95% CI indicate the magnitude and direction of the difference in LV end-diastolic volume (ml) at follow-up for the patient characteristic (binary or continuous). For example, on average, LV end-diastolic volume (ml) at follow-up was 0.16 (95% CI: 0.05 to 0.27) higher for each 1-ms increase in remote zone native T1 measured by CMR at baseline. The univariable associations with LV end-diastolic volume at 6 months are described in the Online Appendix. *When area at risk was included instead of infarct size, remote zone T1 was also associated with LV end-diastolic volume at follow-up (0.25; 95% CI: 0.09 to 0.41; p ¼ 0.002).
Abbreviations as in Tables 1 to 3 .
(NT-proBNP) results were available in 151 patients.
The clinical and CMR characteristics of these patients were similar to those of the whole cohort (Online Tables 6 and 7) . Table 8 ).
Remote zone native T1 was also associated with allcause death or heart failure hospitalization (n ¼ 30 The net reclassification index and C-index indicated that adding remote zone native T1 did not alter the predictive value of the models (Online Appendix).
DISCUSSION
We used CMR to measure native T1 in myocardial regions of interest in a large cohort of STEMI survivors enrolled acutely during usual care, and we assessed the pathophysiology and prognostic importance of remote zone tissue.
The main findings of our study were: Table 1) . Remote zone native T1 and NT-proBNP levels at baseline were not associated, implying that LV wall stress alone is unlikely to be a determinant of native T1 acutely, which is in contrast to the striking associations that we have observed between remote zone native T1
and reperfusion injury and inflammation. Reperfusion injury was relatively common in our cohort (Table 1) 
CONCLUSIONS
In acute STEMI survivors, remote zone native T1 was temporally linked with reperfusion injury and inflammation and independently associated with LV remodeling and adverse cardiovascular outcomes.
The upper T1 tertile represents a potential cutoff for prognostication that merits further study.
